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ATP-binding cassette (ABC) exporters are ubiqui-
tously found in all kingdoms of life and their members
play significant roles in mediating drug pharmacoki-
netics and multidrug resistance in the clinic. Signifi-
cant questions and controversies remain regarding
the relevance of their conformations observed in
X-ray structures, their structural dynamics, and
mechanism of transport. Here, we used single parti-
cle electron microscopy (EM) to delineate the entire
conformational spectrum of two homologous ABC
exporters (bacterial MsbA and mammalian P-glyco-
protein) and the influence of nucleotide and sub-
strate binding. Newly developed amphiphiles in com-
plex with lipids that support high protein stability and
activity enabled EM visualization of individual com-
plexes in a membrane-mimicking environment. The
data provide a comprehensive view of the conforma-
tional flexibility of these ABC exporters under various
states and demonstrate not only similarities but strik-
ing differences between their mechanistic and ener-
getic regulation of conformational changes.
INTRODUCTION
ATP-binding cassette (ABC) transporters constitute a large fam-
ily of integral membrane proteins that utilize the energy of ATP
hydrolysis to translocate ions, lipids, nutrients, and drugs across
lipid bilayers. Based on the directionality of transport, they are
classified as either exporters or importers, with the former found
in all living species and the latter reported only in prokaryotic sys-
tems (Dassa, 2011). Many ABC exporters are promiscuous and
bind a wide array of structurally unrelated compounds, in
contrast to most importers, which are functionally dependent
on peripheral binding proteins for specific substrate recognition
(Locher et al., 2002; Oldham et al., 2007). ABC exporters are450 Structure 23, 450–460, March 3, 2015 ª2015 Elsevier Ltd All righmedically important since their members contribute to antibiotic
or antifungal resistance of human pathogens, the development
of multiple drug resistance (MDR), and several human genetic
disorders due to protein dysfunctions. A prominent example is
P-glycoprotein (P-gp), which affects the pharmacokinetics of
numerous drugs and is implicated in MDR of many human can-
cers, HIV, and epileptic diseases (Eckford and Sharom, 2009;
Giacomini et al., 2010).
ABC exporters share a common architecture, including a min-
imum of two transmembrane domains (TMDs) and two highly
conserved nucleotide binding domains (NBDs). The four core
domains are commonly either coexpressed as a dimer of
TMD-NBD halves, or fused into a single polypeptide chain (Fig-
ure S1 available online). The TMDs form the translocation
pathway and determine the substrate specificity, whereas the
NBDs are thought to associate upon ATP binding and dissociate
driven by ATP hydrolysis. The ATP binding and hydrolysis steps
are coupled to significant conformational rearrangements of the
TMDs opening toward the cytoplasm (also termed inward-facing
[IF]) or the periplasm (outward-facing [OF]) (Higgins and Linton,
2004). The alternate access presentation of membrane openings
of ABC transporters and other types of membrane pumps has
long been used to explain the substrate translocation (Jardetzky,
1966). However, despite a wealth of biochemical and structural
data obtained on these transporters from decades of research,
many aspects of the translocation process, such as the spec-
trum of conformational dynamics, the impact of substrate bind-
ing, and how the NBD and TMDmovements are coupled, remain
to be fully elucidated.
Previous high-resolution X-ray structural studies revealed
large conformational variability within the group of ABC ex-
porters, including prokaryotic MsbA (Ward et al., 2007),
Sav1866 (Dawson and Locher, 2006), TM287/288 (Hohl et al.,
2012, 2014), and eukaryotic P-gp (Aller et al., 2009; Jin et al.,
2012; Ward et al., 2013), ABCB10 (Shintre et al., 2013), and
ABCB homologs (Kodan et al., 2014; Lee et al., 2014; Srinivasan
et al., 2014) (Figure S1). Notably, most of these structures have
been solved in IF states in both the absence and the presence
of nucleotide, and a range of amplitudes of the NBD separation
has been observed in different species. X-Ray structures of OFts reserved
states have been obtained for only two prokaryotic proteins with
bound nucleotides (Sav1866 and MsbA) (Dawson and Locher,
2006; Ward et al., 2007). Most recently, a novel nucleotide-
bound, occluded outward conformation has been reported for
an antibacterial peptide ABC exporter (McjD) (Choudhury et al.,
2014). This newly solved structure is proposed as a transition in-
termediate between previously reported inward-open and out-
ward-open states (Figure S1), providing further steps along the
conformational pathway of ABC exporters. The available struc-
tures are commonly used as a framework to describe the trajec-
tory of a universal ABC transporter. As the data originate from
multiple species, it is not clear to what extent the findings can
be generalized (Rees et al., 2009). Also, the large NBD separation
observed in some IF X-ray structures and its physiological rele-
vance are under much dispute, as this conformation could arise
from crystallographic constraints, the use of detergents, or the
absence of nucleotides and ligands (Gottesman et al., 2009;
Jones and George, 2014). Adding to this complexity, measure-
ments from different methods, including crosslinking (Loo
et al., 2010; Loo and Clarke, 2014), fluorescence resonance en-
ergy transfer (FRET) or luminescence resonance energy transfer
(LRET) (Borbat et al., 2007; Cooper and Altenberg, 2013; Qu and
Sharom, 2001; Verhalen et al., 2012), electron paramagnetic
resonance (EPR) spectroscopy (Borbat et al., 2007; van Won-
deren et al., 2014; Wen et al., 2013; Zou et al., 2009), or mass
spectrometry (Marcoux et al., 2013), are not always in agree-
ment, which has resulted in significant debate in the field.
Here, we used single particle electron microscopy (EM) to
directly visualize the conformational spectra of two homologous
(30% sequence identity) ABC exporters: bacterial MsbA
(Escherichia coli) and the mammalian P-gp (Mus musculus) (Fig-
ure S2). MsbA is a homodimer of TMD-NBD halves and reported
to function as a lipid A and phospholipid flippase (Doerrler et al.,
2004; Zhou et al., 1998) and also to transport multiple drugs
(Eckford and Sharom, 2008; Reuter et al., 2003). P-gp is a mono-
mer with two pseudosymmetric halves of TMD-NBD fused
together by a flexible linker of 70 amino acids (Figures S1
and S2) (Ward et al., 2013). Newly developed amphiphiles (Tao
et al., 2013) in complex with lipids that support high ATPase
activity and improve protein stability enabled EM visualization
of individual complexes of both transporters in a lipid-bilayer-
mimicking environment. EM imaging and analysis using an unbi-
ased approach to 3D model construction was used to delineate
the entire conformational spectrumof P-gp andMsbA and the in-
fluence of nucleotide and substrate binding. Our analysis reveals
striking differences between the two transporters regarding the
effect of binding nucleotides and substrates on their conforma-
tional changes and the range of NBD separation across the
entire structural spectrum. Overall, the data provide a compre-
hensive view of the conformational flexibility of two homologous
ABC transporters and add essential new insights into the mech-
anistic understanding of these machines.
RESULTS
Stabilization and EM Imaging of ABC Transporters
in a Lipid Environment
We have recently developed novel b sheet peptide (BP) assem-
blies for stabilizing integral membrane proteins and demon-Structure 23,strated their advantages in maintaining the function and
providing well-defined structures of MsbA for EM-based single
particle analysis (Tao et al., 2013). For detailed conformational
analysis in this report, we prepared MsbA and P-gp in BP solu-
tions with exogenous lipids added to compose a bicelle (Zhang
et al., 2011) or nanodisc (Nath et al., 2007) bilayer-mimicking sys-
tem. Thus, the single protein molecules are surrounded by a thin
layer of BP and lipid, more amenable to EM imaging than large
micelles or vesicles resulting from commonly used detergent
and lipid mixtures. For P-gp, the presence of lipid is a prerequi-
site for drug-stimulated ATPase activity and enhances its ther-
mostability (Bai et al., 2011). The unprocessed EM micrographs
and 2D class averages (see below) clearly show individual parti-
cles in multiple conformations for both MsbA and P-gp (Figure 1;
Figure S3). Comparing samples prepared with and without
added exogenous lipids, we note that upon inclusion of lipids,
the EM densities near the transmembrane region of MsbA and
P-gp appear enlarged, suggesting that lipids preferentially asso-
ciate with the hydrophobic TMDs as expected (Figures 1A versus
1B, 1C).
We further used specific protein labeling on MsbA to unam-
biguously identify the location of the NBDs and the extracellular
site in 2D images (Figure 2). Two single cysteine (Cys) mutants,
one in the extracellular loop 2 (Q166C) and the other in the NBD
near the cytoplasmic C terminus (T561C), were selected for
labeling with biotin C2 maleimide for subsequent binding of
the 60 kDa tetrameric NeutrAvidin protein (Hiller et al., 1987).
Using EM, we observed NeutrAvidin binding to either one or
two copies of the periplasmic Q166C, or the cytoplasmic
T561C, respectively, both in the OF (left panels) or in different
IF conformations (middle and right panels) (Figure 2). The
data confirm assignments of the TMDs and NBDs in both IF
and OF orientations of MsbA in the 2D images. Binding of
NeutrAvidin to the T561C NBD greatly diminished ATPase ac-
tivity, possibly due to impaired NBD mobility and/or steric hin-
drance of this large domain (Figure S4) and, consistent with the
latter, no OF particles labeled with NeutrAvidin were observed
for this mutation. For detailed conformational analysis, we have
therefore focused our studies on wild-type and unlabeled
transporters.
Visualizing the Conformational Spectrum of MsbA
and P-gp
To determine the relative population of individual conformations
of MsbA and P-gp, we developed a standardized single particle
analysis routine, incorporating reference free alignment and
classification protocols (Hohn et al., 2007; Lander et al., 2009).
This approach sorts the isolated particles into homogenous
class averages based on similarity. Averaging of aligned parti-
cles significantly increases the signal to noise ratio of each class
compared with individual particles facilitating interpretation of
the conformational state. To distinguish between different con-
formations versus relative orientations, we also used a tilt pair
approach (random conical tilt [RCT] [Radermacher et al., 1987])
to reconstruct 3D maps. RCT is an established procedure that
uses alignment and classification parameters of untilted particle
images to determine the relative orientation of their respective
partners in the paired tilted particle image and thus directly
reconstruct a 3D model of an individual particle class, requiring450–460, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 451
Figure 1. Unprocessed Micrographs and Class Averages of MsbA and P-gp
Addition of exogenous lipid to MsbA (B) and P-gp (C) in BP detergent solution enlarges the electron density in proximity to the TMD region (white arrows)
comparedwithMsbA preparedwithout lipids (A). Various conformations of the transporters can be readily identified in the unprocessedmicrographs shown in the
top panels (dotted circle, OF; double circle, IF; full circle, NBD wide open) and in the 2D class averages shown in the bottom panels. Scale bar corresponds to
50 nm for raw micrographs and 10 nm for class averages.no a priori information about the particle conformation. This
method has been shown to be well suited to the characterization
of small flexible proteins (Campbell et al., 2014; Chen et al., 2010;
Lyumkis et al., 2013). Frommultiple 3Dmaps (25–40 A˚ resolution
range) generated from the RCT analysis, we determined the in-
ter-NBD separation by comparison with a reference library of
models created by linear interpolation of the atomic coordinates
between the intermediate structures solved by crystallography
(Ward et al., 2007) (Figures 3 and 4). The fit of the EM volume
maps to the X-ray structure-derived models verifies that, to the
resolution of interest in interpreting these structures, there are
no significant structural artifacts introduced by the EM methods
used here.
The OF particles assume a characteristic arrowhead shape in
the 2D class averages, readily distinguishable from dissociated
NBD shapes of IF particles (Figure 1). The OF particles are
confirmed by examination of the 3D densitymaps corresponding
to the 2D class averages (Figure 3) and comparison of the 3D EM
maps with the published X-ray structures (Choudhury et al.,
2014; Dawson and Locher, 2006; Ward et al., 2007). Because
a side view image of the ABC transporter in IF conformations,
rotated by 90, might have an appearance similar to the OF
conformation, we cannot generally exclude the possibility of
confusing different views and different conformers. However,
our 3D analysis of arrowhead-shaped particles always corre-
sponded to OF conformations and never to IF conformations
of the transporters. Of note, our OF EM models cannot distin-
guish between the outward-open (shown in MsbA and
Sav1866) and outward-occluded (McjD) conformations, which
have overall similar architecture with an almost identical NBD
dimer shape (Figure 3, middle versus bottom row). Therefore,
we refer to both conformations as OF.452 Structure 23, 450–460, March 3, 2015 ª2015 Elsevier Ltd All righNucleotide-Dependent Conformational Changes
in MsbA
We observed a continuum of IF conformations for nucleotide-
free (APO) MsbA, flanked by conformations representing the
two published IF crystal structures (Protein Data Bank ID codes:
3B5W and 3B5X) (Figures 4A–4C). The measured NBD distance,
using the amino acid T561 located at the center tip of the NBDs
as a reference, is 37 and 87 A˚ in 3B5X and 3B5W, respectively
(Figure 4A). The majority of particles display NBD distances
ranging between 45 and 60 A˚ (Figure 4E, light blue bar), suggest-
ing that these are the preferred conformations in nucleotide-free
solution. We also consistently observed a minor population, be-
tween 1% and 3%, of OF particles in nucleotide-free samples
(Figure 5A; Table S1). This observation is unexpected since
nucleotide binding is thought to be a prerequisite to the induction
of OF conformation according to the prevalent ATP switchmodel
(Dawson and Locher, 2006; Higgins and Linton, 2004; Ward
et al., 2007). The possibility of copurification of endogenous
nucleotide and consequent trapping of some MsbA molecules
in the OF conformation is low, since the protein was purified
through multiple columns and then dialyzed with nucleotide-
free buffers for extended times. We used a highly sensitive
luciferin-luciferase bioluminescence assay (Ito et al., 2004) to
measure ATP in purified MsbA samples, and the calculated
ATP to MsbA ratio is negligible (<1:20,000, within experimental
error compared to blank controls).
To determine conformational effects of nucleotide binding, we
exposed MsbA to MgATP (1 mM) and repeated the 2D and 3D
EM analyses. A brief incubation of MsbA with MgATP for 1 min
at room temperature (RT) increased the percentage of particles
in the OF conformation to over 58% (Figure 5A). Within the
42% molecules remaining in the IF conformations, classts reserved
Figure 2. NeutrAvidine Protein Labeling of
MsbA Particles
Two single Cys mutants of MsbA (periplasmic
Q166C and cytoplasmic T561C) were labeled with
the tetrameric NeutrAvidine biotin binding protein.
Shown are 2D class averages of the complexes
(Q166C images in green squares; T561C in blue
squares) and corresponding 3D models for com-
parison. The NeutrAvidine labeling was observed
for either one or two halves of MsbA, and in
both IF and OF conformations. The position of
NeutraAvidine densities further confirms the
assignment of MsbA orientations.averages similar to those seen in the nucleotide-free conforma-
tions (Figure 4C) were observed, and the relative percentile dis-
tribution of each IF conformer did not significantly differ
compared with the nucleotide-free condition (Figure 4E, dark
blue versus light blue bars). Based on the measured ATPase ac-
tivity of 1.3 ± 0.1 mmol ATP/min/mg of MsbA at RT and an MsbA
concentration of 0.01 mg/ml used for the EM experiments, a
1 min incubation corresponds to an average of about 170 cycles
of ATP hydrolysis per MsbA molecule and the consumption of
less than 2% of total ATP. Thus, the occurrence of OF (58%)
and IF (42%) MsbA conformers is interpreted as a representative
snapshot of various states occurring during ATP binding and
hydrolysis.
We subsequently determined MsbA conformational changes
through discrete states of an ATP binding and hydrolysis cycle,
including the ATP-bound prehydrolysis state, an intermediate
transition state, and the ADP-bound posthydrolysis state. Since
the range of IF MsbA conformers did not change in response to
nucleotide binding (Figure 4E), we present only the fraction of OF
particles in subsequent studies to simplify data analysis.
First, to capture an ATP-bound, prehydrolysis state, we
analyzed several conditions, including MsbA incubations with a
nonhydrolyzable ATP analog AMP-PNP, depletion of Mg2+, an
essential cofactor for ATP hydrolysis, and the use of a catalyti-
cally inactive MsbA mutant, E506Q, which permits ATP binding
but abolishes ATP hydrolysis (Cooper and Altenberg, 2013;
Schultz et al., 2011). The results show that all conditions
mimicking the ATP-bound state resulted in an increased popula-
tion of OF particles compared with the APO state (Figure 5A;
Table S1), indicating that the OF state is populated by nucleotide
binding. Specifically, binding of MgAMP-PNP or ATP in the
absence of Mg2+ (but inclusion of 10 mM EDTA) resulted in
41% and 53% of OF particles, respectively, somewhat lower
as compared with the 58% OF population observed under
MgATP hydrolysis conditions. One of the most pronounced
effects was seen with the catalytic carboxylate mutant E506Q,
which resulted in a total of 86% OF particles in the presence of
MgATP.
Next, to capture MsbA conformations in an intermediate tran-
sition state, we pretreatedMsbAwithMgATP and orthovanadate
(Vi). Under this condition, ATP is hydrolyzed and Vi replaces the
dissociated phosphate (Pi) to form a tightly bound MgADP‧Vi
complex (Senior, 2011; Urbatsch et al., 2003). As a result, an
almost saturated number of OF particles (95%) were observed
(Figure 5A). High numbers of OF particles (77%) were also ob-Structure 23,tained by addition of MgADP plus Vi (Figure 5A), suggesting
that MsbA can also assume the vanadate-induced MgADP‧Vi
transition state in the absence of hydrolysis. In comparison,
binding of MgADP alone, which represents a posthydrolysis
state, only slightly increased the number of observed OF parti-
cles (7%) compared with the APO state (Figure 5A). Overall,
our data indicate the presence of heterogeneous and inter-
changeable conformations for MsbA and that nucleotide binding
shifts the conformational distribution from the IF to the OF state,
with about 50% in the OF state under steady-state MgATP hy-
drolysis conditions, supporting previous data from FRET,
LRET, and EPR spectroscopy studies that measure the average
distances or the distance range between labeled residues (Bor-
bat et al., 2007; Cooper and Altenberg, 2013; Zou et al., 2009).
Conformational Spectrum of P-gp Differs from MsbA
We applied the approach described above to conformational
analysis of P-gp and observed significant differences from the
results obtained for MsbA. Compared with MsbA, the NBD sep-
aration in IF P-gp conformations is much more constrained, with
NBD distances ranging between 50 and 75 A˚ (Figures 4D and
4E). The more limited conformational spectrum of P-gp
compared with MsbA is also directly apparent from a compari-
son of 2D class averages (Figure 1C). For P-gp, we did not detect
extremely wide-open NBDs (up to 85 A˚ apart) or closed IF con-
formations (less than 40 A˚ apart) as observed in MsbA crystal
structures and EM maps (Figures 4A and 4C). The measured
range of NBD distance between the MsbA T561 analogous res-
idues N607 and T1252 is very similar to the reported X-ray struc-
tures of P-gp that were solved in IF conformations (3G61, 46 and
52 A˚; 4KSB, 66 A˚; 4F4C, 72 A˚) (Aller et al., 2009; Jin et al., 2012;
Ward et al., 2013) (Figure 4A). Similar to MsbA, we also detected
a minor population (<3%) of OF particles for P-gp in the absence
of nucleotide (with or without ligands, Table S1), suggesting a dy-
namic equilibrium of various conformers, including the OF state,
and that this could be a common theme for the function of ABC
transporters.
P-gp Prevails in IF States in the Presence of Nucleotide
Contrary to observations for MsbA, in which binding of nucleo-
tides substantially increased the OF population, incubation of
P-gp with either MgATP, or MgAMP-PNP, and even MgATP
plus Vi, produced no apparent increase of OF particles
compared with nucleotide-free conditions (Figure 5B; Table
S1). A possible explanation is that a high energy barrier exists450–460, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 453
Figure 3. OF Conformations of MsbA and P-gp
3D EM models derived from the RCT analysis and corresponding 2D class
averages (top row). The EM densities are consistent with the published OF
X-ray structures of MsbA and SAV1866 (middle row) and the occluded OF
structure of McjD (bottom row). In OF states, the NBDs are associated,
creating a characteristic arrowhead shape, which can be unambiguously
identified in 2D averages and raw micrographs (Figure 1) and clearly distin-
guished from IF conformations. Superposition of EM densities and low pass
filtered X-ray structures reveals additional densities in the transmembrane
region. The asteriskmarks an additional density attributed to tightly associated
lipids, which is apparent in both 2D class averages and 3D reconstitutions.to prevent a change in conformational state from IF to OF, and
that nucleotide binding is insufficient to induce this conforma-
tional change in P-gp compared with MsbA. A similar conclusion
has been reached in a recent report using ion-mobility mass
spectrometry to probe P-gp conformational changes (Marcoux
et al., 2013), in which induction of OF conformations required
synergy between a substrate and nucleotides.
Compared with MsbA, P-gp displays low basal ATPase activ-
ity, which can be substantially stimulated by transport substrates
and ATPase modulators (Figure S5). Binding of these com-
pounds to P-gpmay therefore lower the activation energy barrier
for NBD dimerization and transition to the OF state (Higgins and
Linton, 2004). To test this hypothesis, we conducted experi-
ments on P-gp samples preincubated with anticancer drugs
(paclitaxel, daunorubicin, and vinblastine) that are known P-gp
substrates, or with P-gp modulators, including verapamil, the
small cyclic peptides QZ59-RRR and QZ59-SSS, which were
previously cocrystallized with P-gp (Aller et al., 2009), and a
new QZ59-SSS derivative QZ-Ala (Figure 5B). As shown in Fig-
ure S5, all compounds showed stimulation of the basal ATPase
activity (0.05–0.10 mmol ATP/min/mg P-gp) in a concentra-
tion-dependent manner. The maximal ATPase activity of P-gp
in the presence of verapamil and QZ59-RRR, both at RT and
37C, was comparable with or even higher than the activity of
MsbA. Among these compounds, QZ59-RRR and vinblastine
stimulated ATPase activity of P-gp at low concentrations but in-
hibited it at higher concentrations (Figures S5C and S5E), unlike454 Structure 23, 450–460, March 3, 2015 ª2015 Elsevier Ltd All righothers that enhanced the activity but did not inhibit it with an in-
crease of concentration.
All compounds yielded higher percentages of OF conforma-
tions but only when preincubated in combination with MgATP
plus Vi. Figure 5B lists results for a parallel comparison of each
sample after incubation for 15 min at RT. Each compound was
tested at a selected concentration (daunorubicin, 100 mM; pacli-
taxel, 100 mM; vinblastine, 10 mM; verapamil, 100 mM; QZ59-
RRR, 5 mM; QZ59-SSS, 5 mM; and QZ-Ala, 2 mM), which
conferred the highest level of ATPase activity stimulation relative
to basal activity (Figure S5). Notably, preincubation of P-gp with
compound andMgATP alone had no effects (Table S1), suggest-
ing that vanadate trapping stabilizes the OF state. The highest
population of OF particles (up to 27%) was observed after prein-
cubation with QZ59-RRR and QZ-Ala in combination with
MgATP plus Vi (Figure 5B). This is far lower than observed for
MsbA, which showed saturation of 95% particles in the OF
conformation under conditions of vanadate trapping (after only
1 min of preincubation with ATP plus Vi, Figure 5A). We note a
correlation between the increased population of OF P-gp with
ATPase activity by individual compounds, which becomes
evident when comparing results using QZ-RRR at two different
concentrations; decreasing ATPase activity from 0.3 mM (44-
fold) to 5 mM QZ-RRR (10-fold stimulation) (Figure S5) was
accompanied by a drop in OF percentage of P-gp from 27% to
12% (Figure 5B). For daunorubicin and paclitaxel, which showed
relatively small stimulatory effects for ATP hydrolysis, we de-
tected the smallest percentage of OF P-gp (2% and 7%, respec-
tively). Our data show that P-gp, unlike MsbA, prevails in IF
states in the presence of ATP with or without transport sub-
strates, and that the OF P-gp is only partially stabilized under
artificial Vi trapping conditions, clearly demonstrating diver-
gence in the energetic and mechanistic regulation of the two
closely related ABC transporter homologs.
DISCUSSION
We have applied single particle EM and multimodel analysis to
determine the structural conformations of two homologous
ABC exporters: the prokaryotic MsbA and eukaryotic P-gp.
The development of BP for stabilizing single protein molecule as-
semblies of MsbA and P-gp in the presence of lipid underpinned
our success in visualizing single particles by EM with low back-
ground, which allowed us to distinguish conformational states of
individual ABC transporter molecules. We characterized the dy-
namic trajectories of MsbA and P-gp and monitored the confor-
mational changes induced in response to nucleotides and/or
substrates. Our data can be interpreted as providing snapshots
of individual active ABC transporters within an ensemble of
molecules, revealing information about conformational flexibility
and heterogeneity of these highly dynamic proteins.
Contrary to our EM visualization of a broad spectrum of het-
erogeneous conformations, high-resolution X-ray structural
studies of individual ABC transporters have thus far been
confined to snapshots of single conformational states. Similarly,
recent breakthroughs in EM technologies have culminated in a
higher-resolution (8 A˚) single particle EM structure for a heterodi-
meric ABC exporter TmrAB (Thermus thermophilus), which was
solved in a nucleotide-free, IF conformation (Kim et al., 2014). Ints reserved
Figure 4. Conformational Spectra of IF
MsbA and P-gp
(A) X-Ray structures of MsbA and P-gp previously
solved in various IF conformations. The color
scheme is the same as in Figure S1. Distances
between T561 Ca positions of E. coliMsbA and its
equivalent positions (marked by red dots) in Vibrio
cholerae MsbA and P-gp structures are shown
above the PDB ID code. 3G61 included two P-gp
molecules solved with slightly different NBD
separations.
(B) Surface representations of reference models
created by linear interpolation of MsbA X-ray
structures that are used to categorize the NBD
spacings in the structures displayed in (C) and (D).
(C) First row shows experimental IF 3D densities
from APO MsbA arranged by ascending NBD
separation using the distance between T561 as an
internal standard. Second row shows super-
position of EM density onto X-ray models to
emphasize the correspondence between the two.
Differences in densities surrounding the TMD
come from the detergent/lipid.
(D) Experimental maps of P-gp (first row) and
superposition onto the same reference library
(second row) shown in (B).
(E) Statistical occurrence of particles contributing
to individual IF categories for nucleotide-free, APO
MsbA (light blue), ATP-bound MsbA (dark blue),
and nucleotide-free P-gp (orange). For MsbA, the
entire conformational spectrum is occupied, and
no significant differences in individual IF distribu-
tions within the IF population are observed be-
tween the APO and ATP sample. The spectrum of
P-gp conformations is clustered in the region
representing NBD separation between 50 and
75 A˚; no structures outside this range are
detected.this case, labeling of TmrAB with fragment antigen-binding do-
mains helped to overcome the protein size limitation, and
possibly constrained the flexible conformations for high-resolu-
tion imaging. Instead, our studies herein have focused on the
changes in conformations of ABC transporters subjected to
nucleotide and/or substrate binding using wild-type proteins,
avoiding possible interferences by protein engineering and
labeling.
Both MsbA and P-gp display a dynamic range of interchange-
able IF and OF conformations, but substantial differences are
revealed between the two closely related ABC transporter ho-
mologs (Figure 6). MsbA was captured in both OF and a contin-
uum of IF conformations from wide-open to closed NBD states
under steady-state hydrolysis conditions. Surprisingly, P-gp
remained predominantly in IF conformations even in the pres-
ence of mM concentrations of MgATP, and only accumulated
appreciable levels of up to 27% OF when locked in the Vi transi-
tion-state conformation after exposure to ATP- and hydrolysis-
stimulating substrates. The data indicate a distinct energy
landscape of conformations for the two transporters and imply
that the OF state of P-gp, unlike MsbA, is transient (a likely
high energy state) even under continuous MgATP hydrolysisStructure 23,conditions when turnover through IF and OF states is fast based
on the ATPase activity measurements (Figure S5). There is
currently no X-ray structure of P-gp in the OF conformation,
and we know of no eukaryotic ABC transporter to date, although
several high-resolution structures of ABCB10 in IF conforma-
tions were solved with bound nucleotides (Shintre et al., 2013),
which may indicate a trend of mammalian ABC transporters to
preferentially reside in IF conformations, even in presence of
nucleotide.
Our observation of IF conformations with wide-open NBDs for
both MsbA and P-gp substantiates the relevance of previously
published X-ray structures (Aller et al., 2009; Jin et al., 2012;
Ward et al., 2007, 2013), as our EM structures are not influenced
by crystal packing and were obtained in a bilayer-mimicking
environment under a broad range of conditions, such as the
presence of nucleotides and/or substrates. Our EM data cannot
easily reconcile with proposed constant contact models, in
which the NBDs remain associated during the catalytic cycle
(Gottesman et al., 2009; Jones and George, 2014). Since both
MsbA and P-gp can recognize large sizes of substrates (e.g.
1.8 kDa lipid A for MsbA; 4 kDa b-amyloid peptides for P-gp),
the wide opening of NBDs and the TMD pocket may be450–460, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 455
Figure 5. Statistical Assessment of MsbA and P-gp Conformations
for Different States of the ATP Hydrolysis Cycle
(A) Compared with the APO state, nucleotide binding to MsbA significantly
increases the population of OF particles under conditions corresponding to the
presence of ATP, or capturing the ATP-bound prehydrolysis state (AMP-PNP,
ATP + EDTA in the absence of Mg2+, or the catalytically deficient E506Q
mutant), the hydrolytic transition state (AT/DP plus Vi), and the posthydrolysis
state (ADP). A small percentage of OF particles were observed even in the
absence of nucleotide.
(B) OF conformation of P-gp coinduced by ligands and ATP plus Vi. Ligands
and concentrations are detailed in the text. A concentration-dependent
stimulation of ATPase activity for each compound is shown in Figure S5. In the
absence of Vi, a, residual percentage of OF conformation (<3%) was detected
in either the presence or absence of nucleotides and/or ligands (see Table S1).
Figure 6. Dynamic Conformational Changes of ABC Transporters
under Steady-State ATP Hydrolysis Conditions
(A) Illustration of the prevailing ATP switchmodel by which ATP binding causes
NBD dimerization, leading to a conformational switch from IF to OF. Statistical
distribution of conformational changes observed by EM is applied for (B) MsbA
and (C) P-gp. In the nucleotide-free state (left), MsbA and P-gp are predomi-
nantly in IF conformations sampling a range of conformations with various
degrees of NBD separation. Under steady-state MgATP hydrolysis conditions,
when the NBDs continuously associate and dissociate, MsbA (B, right) was
captured in a nearly equal distribution of IF and OF conformations (60% to
40%). In contrast, P-gp prevailed in IF conformations (C, right) suggesting that
the OF conformation is short lived, and likely reflects a high energy state that
rapidly resets back to IF. In both cases, the OF conformation can be enriched
under stabilizing conditions by Vi-induced nucleotide trapping (see Figure 5).necessary to better accommodate substrate binding prior to
translocation.
Interestingly, we found that the amplitude of NBD separation in
the IF states is more constrained in P-gp thanMsbA at both ends
of its conformational spectrum (Figure 3D). A plausible explana-
tion for this difference may be related to the presence of a short
flexible linker connecting the two homologous halves in the sin-
gle polypeptide chain of P-gp (Figures S1 and S2). This linker
region contains phosphorylation sites with no defined role in
function of P-gp (Germann et al., 1995; Goodfellow et al.,
1996; Szabo et al., 1997), but previous studies have shown456 Structure 23, 450–460, March 3, 2015 ª2015 Elsevier Ltd All righthat cleavage of this linker increased the basal and drug-stimu-
lated ATPase activity (Nuti et al., 2000; Sato et al., 2009). The
short linker may constrain the degree of separation of the
NBDs and also create a barrier preventing their close association
for ATP binding and hydrolysis. The presence of a flexible linker
region in several eukaryotic ABC transporters, including P-gp,
the multidrug resistance associated proteins (MRPs) and the
cystic fibrosis transmembrane conductance regulator (CFTR),
but not in prokaryotic MDR homologs, may indicate that it is
an integrated structural component in regulating the conforma-
tional changes of the transporter. Notably, CFTR has a much
larger linker region (R-region) than P-gp, which has been shown
to regulate through phosphorylation and dephosphorylation
NBD dimerization and channel gating. As a unique ion-channel
type ABC transporter, CFTR supposedly has a much more
restrained range of conformations (Riordan, 2008).
Previous EM images of negatively stained 2D crystals of P-gp
grown in detergent or in lipid monolayers gave clues that the
NBDs undergo nucleotide/substrate-dependent structural
changes, albeit the projection images might represent an
average of the ensemble of all molecules in a particular state
(Lee et al., 2008; Rosenberg et al., 2003). More recently, FRETts reserved
between fluorescent probes attached to single Cys in each of the
twoNBDs of P-gp reported that the ensemble-averaged ratios of
donor/acceptor fluorescence did not change much for the APO,
nucleotide-bound, substrate-stimulated MgATP continuous hy-
drolysis, or the vanadate-trapped states (Verhalen et al., 2012).
Also consistent with our results, an EPR study of P-gp using
the same Cys pairs showed a rather broad distance distribution
of the NBDs in the absence of nucleotide (Wen et al., 2013).
Accompanying molecular dynamics simulations of the APO
and MgATP docked states resulted in only marginal changes
of the distance distribution with an increased propensity of
closed NBDs after MgATP binding and overall underlined the
highly mobile nature of P-gp. The broad distribution of NBD dis-
tances accounting for at least four and possibly up to nine
conformational states was also described in single-molecule
FRET studies (Verhalen et al., 2012; Zarrabi et al., 2014), which
further showed that conformations with closely spaced NBDs
are short lived during active MgATP hydrolysis conditions. Over-
all, although these studies mainly focused on the separation of
the NBDs, the data are in line with our whole molecule, single
particle EM observations.
Our studies demonstrate a divergence in the conformational
pathway of closely related homologous ABC exporters in the
context of a common conformational cycle. Sequence evolution
within the family of ABC transporters may account for the mech-
anistic divergence to fulfill their distinct biological functions.
MsbA and P-gp are prototypical ABC exporters, with the core
NBD and TMD domains assembled in the forms of homodimer
and a linker-fused pseudo heterodimer, respectively. Neverthe-
less, these are only two examples and certainly underrepresent
the large variations in sequences and structures among the su-
perfamily of ABC transporters. Particularly, someABCexporters,
including the MRPs and CFTR, contain asymmetric NBDs with
one active and one degenerate nucleotide binding site, unlike
MsbA and P-gp, both sites of which are catalytically active.
Several recent structural studies of such heterodimeric, asym-
metric ABC exporters have shown that the two NBDs remain
partially or fully engaged during a catalytic cycle, i.e. the degen-
erate site composed of residues from both NBDs tends to stay
associated (Hohl et al., 2012, 2014; Mishra et al., 2014). These
studies illustrate that a universal transport model that is appli-
cable to all ABC transporters may not exist. Thus, detailed
analysesmust be undertaken in order to elucidate the conforma-
tional pathways for different subclasses of ABC transporters.
EXPERIMENTAL PROCEDURES
Preparation of MsbA
MsbA was prepared as described previously with slight modification (Lee
et al., 2013). E506Q mutant was engineered by site-directed mutagenesis of
wild-type MsbA from E. coli in the pET19b vector using QuickChange site-
directed mutagenesis (Agilent Technologies). Single Cys mutants Q166C
and T561C were generated using the Cys-less MsbA as a template, in which
two wild-type Cys residues (C88 and C315) were replaced with Ala (Cooper
and Altenberg, 2013). All constructs were confirmed by DNA sequencing
(Genewiz). Briefly, bacterial cell pellets containing MsbA were directly solubi-
lized in 20 mM Tris (pH 8.0), 20 mM NaCl, 1% (wt/vol) b-D-undecyl maltopyra-
noside, 10% (vol/vol) glycerol, 0.1 mg/ml DNase I, and a cocktail of proteinase
inhibitors (Roche). After centrifugation at 38,0003 g for 45 min, MsbA was pu-
rified from the supernatant using an immobilized metal ion affinity chromatog-
raphy column followed by size exclusion chromatography using a SuperdexStructure 23,200 16/60 column. Endogenous E. coli lipids have been detected in purified
MsbA samples (lipid/MsbA ratio 0.03:1 wt/wt) (Tao et al., 2013). The purity
of MsbA was analyzed using SDS-PAGE gels stained with Coomassie brilliant
blue R-250. 0.025% (wt/vol) of BP-1 and 0.02 mg/ml E. coli polar lipids (Avanti
Polar Lipids) were mixed with 0.2 mg/ml purified MsbA and then dialyzed
against detergent-free buffer (6 kDa cutoff membrane, 4C, 1–2 days). For
the EM study, the samples were diluted 20-fold with dialysis buffer containing
reagents described in Figure 5A. The samples contain 1 mM nucleotides (ATP,
AMP-PNP, or ADP), 2 mM Mg2+ and/or 1 mM Vi, unless noted otherwise.
NeutrAvidine Labeling of MsbA
The purified single Cysmutants ofMsbAwere labeled with biotin C2maleimide
(Anaspec) for overnight in a buffer containing 20mMTris (pH 7.5), 20mMNaCl,
0.1% b-D-undecyl maltopyranoside, and 0.04% FA-3 (Lee et al., 2013). Excess
biotin C2maleimide was removed by immobilizing MsbA onto Ni-NTA agarose
resin. The biotin-labeled MsbA was then incubated with NeutrAvidin protein
(Thermo Pierce) overnight on the resin at 4C. The complexes were eluted
by 2 column volumes of buffer containing 300 mM imidazole. The labeled
MsbA samples were analyzed for ATPase activity using a standard linked
enzyme ATPase assay described below. Detergent exchange to BP-1 by dial-
ysis was conducted before EM imaging.
Preparation of P-gp
Mouse P-gp was prepared as described previously, with slight modification
(Aller et al., 2009; Bai et al., 2011). P-gp harboring microsomes were resus-
pended in 20 mM Tris (pH 8.0), 10 mg/ml leupeptin, 10 mg/ml pepstatin A,
2.5 mg/ml chymostatin, 0.2 mM tris(2-carboxyethyl)phosphine, 1 mM b-mer-
captoethanol, 10 mM imidazole, 20% glycerol, and 500 mM NaCl, and solubi-
lized with 1.2% b-D-dodecyl maltopyranoside (DDM) for 10 min at 4C. After
centrifugation at 38,0003 g for 30min, P-gpwas purified from the supernatant
using an immobilized metal ion affinity chromatography column in the pres-
ence of 0.067% DDM, 0.04% sodium cholate, and 0.1 mg/ml 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE). The elute was further
purified by size exclusion chromatography using a Superdex 200 column in
the presence of 0.067% DDM, 0.04% sodium cholate, and 0.1 mg/ml POPE.
The purity of P-gp was analyzed using SDS-PAGE gels stained with Coomas-
sie brilliant blue R-250. 0.025% (wt/vol) of BP-1 was mixed with 0.3 mg/ml
purified P-gp for ATPase assays, and no dialysis procedure was performed.
For the EM studies, samples were diluted 30-fold with buffer containing re-
agents described in Figure 5B. The samples contain 1 mM ATP, 2 mM Mg2+,
and/or 1 mM Vi, unless noted otherwise.
ATPase Activity
The ATPase activity of MsbA and P-gp was measured at RT or 37C using the
ATP-regenerating system as described previously (Lee et al., 2013). Briefly,
0.5–1 mg MsbA or P-gp was added to 100 ml of 50 mM Tris (pH 7.5) buffer con-
taining 10 mM ATP, 12 mMMgCl2, 6 mM phosphoenolpyruvate, 1 mM NADH,
10 units lactate dehydrogenase, 10 units pyruvate kinase, and compounds
indicated in the study. The rate of ATP hydrolysis was determined by the
decrease in NADH absorbance at 340 nm using a Filtermax F5 Multiplate
Spectrophotometer. ATPase activity was calculated using the following equa-
tion: DOD/(ε3 [protein]3 time), where DOD is the change in absorbance and ε
is the extinction coefficient of NADH. The concentration of purified MsbA and
P-gp was measured by comparing the SDS/PAGE intensity of Coomassie-
stained protein bands with known amounts of BSA.
EM
All samples were applied onto freshly made carbon-copper grids within 3 min
of sample preparation, unless stated otherwise. Sample dilution was adjusted
to achieve a homogeneous separation of particles. Samples were stained as
previously described (Moeller et al., 2012) (Tao et al., 2013) using a 2% uranyl
formate solution. EM micrographs were acquired using a Tecnai F20
Twin transmission electron microscope operating at 200 kV, using a dose of
45 e/A˚2 and nominal underfocus ranging from 0.7 mm to 1.7 mm. Utilizing
the Leginon software package (Suloway et al., 2005), images were automati-
cally collected onto a Tietz F415 4,000 3 4,000 pixel charge-coupled device
camera (15 mm pixel) at a nominal magnification of 64,0003. Images were
collected and binned by a factor of two, with a pixel size of 0.328 nm.450–460, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 457
EM Data Processing and Image Analysis
Experimental data were processed using Sparx (Hohn et al., 2007; Yang et al.,
2012) and the Appion software package (Lander et al., 2009) interfaced with
the Leginon database infrastructure. Particles were automatically selected us-
ing a difference of Gaussian algorithm and extracted with a box size of 112
pixels (Voss et al., 2009). The defoci of the raw micrographs were determined
using CTFFIND3 (Mindell and Grigorieff, 2003), as implemented in the Appion
package, and phases were corrected on the full micrograph prior to particle
extraction.
To determine the percentage of OF particles, we used two different stan-
dardized protocols. In both cases, we selected side views exclusively, which
allowed a straightforward conformational characterization from 2D images.
Putative top or bottom views were seldom observed, presumably due to a
strong preferred orientation of the transporters on the carbon surface.
Protocol 1
False positives are first removed from the particle stack using routines in the
Sparx software package. The particles in the stack were initially aligned
without a reference and averaged into a single class, which was then used
for a subsequent reference-based alignment. The aligned particles were
then clustered into groups using k-means classification as implemented in
Sparx; the number of groups varied based on the stack size ( 80 particles/
group on average). Particles contributing to groups that represented noise
or false positives were manually excluded from the stack. The procedure
was repeated until the number of particles not contributing to identifiable class
averages was less than 2%.
Protocol 2
Tominimize user bias, we used the iterative stable alignment and classification
method (ISAC) (Yang et al., 2012), which automatically identifies homoge-
neous subsets of images.
Because ISAC is computationally expensive, we started with a stack
composed of particles after one round of manual sorting (as per protocol 1).
Extensive testing confirmed that the ISAC results were not biased by this pre-
sorting step.
The number of particles in groups representing OF particles was determined
by manually examining the final class averages and counting the particles
contributing to classes in the OF conformation. The results for protocols 1
and 2 did not differ by more than 5% for any of the experiments. To further
evaluate the reproducibility of the methods used, we also collected and
analyzed data from two independent protein purifications prepared under
identical conditions, and these results were also within 5% of each other.
RCT reconstructions were calculated using the Appion pipeline on 2D class
averages calculated usingmultiple iterations of reference-based Spider (Frank
et al., 1996) alignment and k-means classification, with intermittent deselec-
tion of false positives. References were generated by XMIPP maximum likeli-
hood 2D classification (Scheres et al., 2005). Resolutions were 25–40 A˚. The
3D structures were compared with a 3D reference set derived from a linear
interpolation of X-ray structures (Ward et al., 2007) calculated using the
Chimera software package (Pettersen et al., 2004). The number of particles
contributing to the individual volumes was used to determine the percentages
provided.
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